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The DHR78 Nuclear Receptor Is Required
for Ecdysteroid Signaling during the Onset
of Drosophila Metamorphosis
signals that drive the animal through its major postem-
bryonic developmental transitions (Riddiford, 1993).
Pulses of ecdysteroid during the first and second larval
instars trigger molting of the larval cuticle while a high
titer pulse of 20E at the end of the third instar triggers
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puparium formation, initiating the prepupal stage of
development. This is followed by another ecdysteroid
pulse, z10 hr after puparium formation, that signalsSummary
adult head eversion and the prepupal±pupal transition.
During metamorphosis, most larval tissues undergo pro-Pulses of ecdysteroids direct Drosophila through its
grammed cell death while adult tissues differentiatelife cycle by activating stage- and tissue-specific ge-
from clusters of imaginal progenitor cells, transforming
netic regulatory hierarchies. Here we show that an
the larva into an adult fly (Richards, 1981a).orphan nuclear receptor, DHR78, functions at the top
Detailed studies of the puffing patterns of the larvalof the ecdysteroid regulatory hierarchies. Null muta-
salivary gland polytene chromosomes provided criticaltions in DHR78 lead to lethality during the third larval
insights into the molecular mechanisms of ecdysteroid
instar with defects in ecdysteroid-triggered develop-
action (Clever, 1964; Ashburner, 1974). 20E rapidly and
mental responses. Consistent with these phenotypes,
directly induces a half dozen early puffs. These puffs
DHR78 mutants fail to activate the mid-third instar appear to encode regulatory proteins that both shut off
regulatory hierarchy that prepares the animal for their own expression and induce more than 100 second-
metamorphosis. DHR78 protein is bound to many ec- ary-response late puffs, defining a two-step regulatory
dysteroid-regulated puff loci, suggesting that DHR78 hierarchy.
directly regulates puff gene expression. In addition, Genetic and biochemical studies have provided strong
ectopic expression of DHR78 has no effects on devel- support for this hierarchical model of gene regulation
opment, indicating that its activity is regulated post- by 20E (for reviews, see Thummel, 1996; Richards, 1997).
translationally. We propose that DHR78 is a ligand- Three early puff genes, E74 (Burtis et al., 1990), E75
activated receptor that plays a central role in directing (Segraves and Hogness, 1990), and the BR-C (DiBello
the onset of Drosophila metamorphosis. et al., 1991) have been shown to encode families of
transcription factors. Genetic studies have demon-
Introduction strated that theBR-C and E74 are required for the appro-
priate developmental responses to ecdysteroids during
Steroids, retinoids,and thyroid hormone function as crit- metamorphosis (Kiss et al., 1988; Restifo and White,
ical signals to coordinate the growth, development, and 1992; Fletcher et al., 1995). Furthermore, BR-C and E74
physiology of higher organisms. Increases in hormone proteins directly regulate late gene transcription (Urness
titer are transduced into changes in gene expression and Thummel, 1995; Crossgrove et al., 1996).
by ligand-dependent transcription factors that comprise 20Eappears to exert its effects ondevelopment through
the nuclear receptor superfamily (Mangelsdorf et al., a heterodimeric receptor composed of two members of
1995). Nuclear receptors are characterized by a highly the nuclear receptor superfamily: EcR (Koelle et al.,
conserved DNA-binding domain and a less conserved 1991) and USP (Henrich et al., 1990; Oro et al., 1990;
hormone binding and dimerization domain. Intensive Shea et al., 1990). EcR encodes at least three protein
molecular studies have identified over 150 members of isoforms, A, B1, and B2, all of which can form heterodi-
this superfamily, most of which are designated as or- mers with USP and function as 20E receptors (Koelle,
phan receptors since they have no known hormonal 1992; Yao et al., 1993). EcR-A is the predominant isoform
ligand (Mangelsdorf and Evans, 1995). Although recent expressed in imaginal discs, while EcR-B1 is the pre-
studies have identified ligands for some orphan recep- dominant isoform expressed in larval tissues that are
fated to die during metamorphosis, suggesting that attors, it appears that at least some family members can
least some of the tissue-specific responses to 20E arefunction as ligand-independent transcriptional regu-
regulated at the level of the receptor (Talbot et al., 1993).lators.
Phenotypic characterization of EcR-B1 mutants hasThe fruit fly Drosophila melanogaster provides an
provided strong support for this model. Imaginal discsideal model system for studying the molecular mecha-
in EcR-B1 mutants elongate and begin to fuse duringnisms of steroid hormone action as well as the biological
prepupal development, while larval tissues fail to die.functions of orphan receptors during development. In
Furthermore, puffing defects in the salivary gland poly-response to a neuropeptide, the Drosophila prothoracic
tene chromosomes of EcR-B1 mutants can be rescuedgland secretes ecdysone into the circulatory system
by EcR-B isoforms but not by EcR-A (Bender et al.,where it is modified by peripheral tissues into the physio-
1997).logically active form of the hormone 20-hydroxyecdy-
Interestingly, eight orphan members of the nuclearsone (20E). Ecdysteroids function as critical temporal
receptor superfamily are regulated by 20E and appear
to function during the onset of metamorphosis. bFTZ-
F1 (Lavorgna et al., 1991) provides temporal specificity*To whom correspondence should be addressed.
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Table 1. Early Lethal Phase Analysis of DHR78 Mutants
Percent
Number of Percent Survival
Genotypes Embryos Hatched to L2
1/1 3 1/1 260 97 95
1/1 3 Df(3L)A79-2/1 250 99 97
DHR781/1 3 Df(3L)A79-2/1 350 99 93
DHR782/1 3 Df(3L)A79-2/1 360 99 93
DHR783/1 3 Df(3L)A79-2/1 350 99 93
Df(3L)A10-2/1 3 Df(3L)A79-2/1 400 98 94
Df(3L)A10-2/1 3 Df(3L)A10-2/1 310 74 74Figure 1. Genetic and Molecular Map of the DHR78 Locus
Df(3L)A79-2/1 3 Df(3L)A79-2/1 450 92 87A restriction map of BamHI sites in the genomic DNA surrounding
DHR781/1 3 DHR781/1 500 79 76DHR78 is depicted at the top, along with the position of the Y553
DHR782/1 3 DHR782/1 400 98 96P element (P[w1]). The break points of two deficiencies generated
DHR783/1 3 DHR783/1 250 98 92by imprecise excision of Y553, Df(3L)10-2, and Df(3L)79-2 are shown
DHR781/1 3 DHR782/1 250 98 95below. Vertical lines represent mapped break points, and curved
DHR781/1 3 DHR783/1 600 98 95lines represent break points that lie outside of the cloned genomic
DHR782/1 3 DHR783/1 250 99 97region. The structure of the DHR78 gene is shown, with the protein
coding region in black and the DNA-binding domain (C region) and Embryos were collected from the crosses listed. All mutants were
ligand-binding/dimerization domain (E region) shaded. The position out-crossed to wild type (Canton S), so that any lethality above the
and nature of the three EMS-induced point mutations are shown at control could be attributed to the mutant chromosomes. Hatching
the bottom. DHR782 is predicted to encode a 314±amino acid pro- was scored 36 hr after egg lay, and survival to the second larval
tein, and DHR783 is predicted to encode a 354±amino acid protein, instar was scored 24 hr later.
relative to the wild-type 601±amino acid protein.
This inability to respond to ecdysteroid signaling is re-
flected at the molecular level as a block in the transcrip-to the prepupal ecdysteroid pulse, directing induction
tion of ecdysteroid-regulated genes during mid-third in-of the stage-specific E93 early gene (Woodard et al.,
star larval development. Antibody staining of salivary1994). The DHR3 (Koelle et al., 1992) and E75B orphan
gland polytene chromosomes indicates that DHR78 pro-receptors function together to regulate bFTZ-F1 expres-
tein is bound to many ecdysteroid-regulated puff loci,sion (Lam et al., 1997; White et al., 1997). DHR38, the
suggesting that this receptor contributes directly toDrosophila homolog of the vertebrate NGFI-B orphan
ecdysteroid-regulated gene expression. Finally, unlikereceptor, is required for adult cuticle development dur-
many Drosophila orphan receptors, ectopic expres-ing metamorphosis (Kozlova et al., 1998). This receptor
sion of DHR78 has no effect on wild-type development,can also heterodimerize with USP, suggesting that it
indicating that DHR78 activity is regulated posttransla-may interact directly with the 20E receptor (Sutherland
tionally. We propose that DHR78 functions as a ligand-et al., 1995). The functions of two other orphan recep-
dependent receptor that directs the onset of metamor-tors, E78 and DHR39, remain unclear since loss-of-func-
phosis in Drosophila.tion mutations in these genes have no effects on devel-
opment (Russell et al., 1996; Horner and Thummel,
Results1997). Finally, DHR78 and DHR96 are regulated by 20E
and expressed throughout the onset of metamorphosis,
Generation of DHR78 Mutantsyet their roles in ecdysteroid signaling remain uncharac-
Imprecise excision of a P element located approximatelyterized (Fisk and Thummel, 1995; Zelhof et al., 1995b).
10 kb downstream from the 39 end of DHR78 led to the
Drosophila metamorphosis thus provides an ideal bio-
isolation of 24 deficiencies that remove one or more
logical framework to define the functions of orphan nu-
essential genes. Transheterozygotes carrying two of
clear receptors during development.
these deficiencies, Df(3L)10-2 and Df(3L)79-2, are miss-
In this paper, we describe the isolation and character-
ing 23 kb of genomic DNA, including the entire DHR78
ization of mutations in the DHR78 orphan nuclear recep- coding region (Figure 1). This combination of deficien-
tor gene. DHR78 is expressed throughout development, cies thus provides an effective null mutation for the
with peaks of expression in third instar larvae and prepu- DHR78 locus.
pae that correlate with the known ecdysteroid pulses An F2 lethal screen was undertaken to isolate EMS-
(Fisk and Thummel, 1995; Zelhof et al., 1995b). Consis- induced mutations that failed to complement Df(3L)10-2
tent with this observation, DHR78 transcription can be and Df(3L)79-2. From 5012 F2 lines examined, three
induced by 20E in cultured larval organs (Fisk and Thum- mutations were identified that correspond to a single
mel, 1995). DHR78 protein binds to a subset of EcR/ lethal complementation group. DHR781 contains a G-to-A
USP binding sites in vitro, suggesting that it may interact transition at the splice acceptor site within intron 2 of
directly with the 20E receptor (Fisk and Thummel, 1995; DHR78, while DHR782 and DHR783 contain C-to-T transi-
Zelhof et al., 1995b). Cotransfection assays have sup- tions that change arginine codons in the ligand-binding
ported this model by demonstrating that DHR78 can domain to stop codons (Figure 1).
inhibit the 20E induction of a reporter gene (Zelhof et
al., 1995b). DHR78 Mutants Die as Third Instar Larvae
We show here that DHR78 null mutations lead to le- All of theDHR78 alleles, including the two small deficien-
thality during the third larval instar with an inability to cies that completely remove the gene, were outcrossed
to wild-type animals and then crossed inter se to checkpupariate in response to the late larval pulse of 20E.
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Table 2. Late Lethal Phase Analysis
Number of
Second Instar Percent








Second instar larvae of each genotype were selected and prepupae
were counted 4 days later.
for early lethality. All transallelic combinations of EMS-
induced alleles displayed no lethality during embryonic
Figure 2. Lethal Phenotypes of DHR78 Mutant Third Instar Larvae
or first instar larval development, demonstrating that
Newly formed third instar larvae were selected within 30 min of the
there is no early zygotic requirement for DHR78 (Table second-to-third instar molt and allowed to develop at 258C for z36
1). In contrast, DHR781 homozygotes displayed some hr, which corresponds to z12 hr before puparium formation in wild-
embryonic lethality, suggesting that an additional muta- type animals. The larvae were anesthetized with ether and mounted
in glycerol. Genotypes are as follows: (A) 1/Df(3L)79-2 control, (B)tion resides on this chromosome. Similarly, some early
Df(3L)10-2/Df(3L)79-2, and (C) DHR783/Df(3L)79-2. The same rangelethality was detected in animals carrying homozygous
of lethal phenotypes was observed with all combinations of DHR78deficiency chromosomes, indicating that Df(3L)10-2 and
alleles.
Df(3L)79-2 remove more than one essential gene. All
subsequent phenotypic characterization was performed
using EMS-induced point mutations over Df(3L)79-2. the third instar (Figure 2A), DHR78 mutants fail to show
Mutant animals were collected as second instar larvae this increase in size (Figures 2B and 2C).
to identify later lethal phases. All combinations of DHR78 DHR78 mutants also contain defective tracheae, with
alleles resulted in animals that progressed into the third complete penetrance and variable expressivity. The for-
larval instar, but only 0%±7% of these animals under- mation and branching of the tracheal system appear
went puparium formation (Table 2). The animals that normal in DHR78 mutants. However, the cuticular struc-
did pupariate appeared normal; however, they failed ture of the tracheae is defective, and some tracheal
to progress beyond early prepupal development. The branches fail to molt properly. In the least severe cases,
severity of the lethal phenotypes caused by the EMS- the taenidial folds of the tracheal cuticle are distorted
induced mutations are identical to those of the deficien- (Figure 3C), or small segments remain filled with fluid
cies, indicating that they represent null alleles. (data not shown). In the more severe cases, segments
of cuticle from earlier larval instars fail to molt properly
(arrows, Figure 3D). This obstruction of the tracheal lu-
DHR78 Lethal Phenotypes men is often accompanied by necrosis and breaks in
DHR78 mutant larvae display four phenotypes: asyn- the dorsal trunks.
chronous development, reduced size during the third
instar, tracheal defects, and a failure to pupariate. Ectopic Expression of DHR78 Rescues Mutant
DHR78 mutants develop synchronously with control sib- Phenotypes and Has No Effect
lings through the middle of the second instar but show on Normal Development
the first signs of asynchrony at thesecond-to-third instar To verify that the phenotypes we observe are caused
larval molt. Wild-type animals that were synchronized by mutations in DHR78, we attempted to rescue the
within a 2 hr interval at hatching undergo the second- mutants by ectopically expressing DHR78 from theheat-
to-third instar molt during a 6 hr interval, between 44 inducible hsp70 promoter. Western analysis of extracts
and 50 hr after hatching. DHR78 mutants, on the other prepared from heat-treated transformants demonstrated
hand, can remain as second instar larvae for up to an that these animals express approximately 10-fold higher
additional day, molting at some time between 56 and levels of DHR78 protein than is normally present in
80 hr after hatching. Gut clearing and wandering, two late third instar larvae (data not shown). Daily treatments
ecdysteroid-triggered changes that occur in mid-third at 378C for 30 min resulted in an efficient rescue of the
instar larvae, also occur asynchronously in DHR78 mu- pupariation defect (Figures 4C±4F).Furthermore, at least
tants. Most mutant third instar larvae survive for as long 95% of the mutant animals that pupariated proceeded to
as 7 days without initiating puparium formation. The eclose as normal, fertileadults (data not shown). Ectopic
few mutants that do pupariate are significantly delayed, expression of DHR78 during embryogenesis and first
initiating puparium formation as long as 5 days after the instar larval development was less efficient at rescuing
second-to-third instar molt. puparium formation than later heat pulses, suggesting
The size and appearance of DHR78 mutants is normal that DHR78 function is required during the later stages
through the early third instar. However, while wild-type of larval development (data not shown). Interestingly,
heat-treated wild-type animals, either with or withoutanimals increase dramatically in size about 24 hr into
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Figure 3. Tracheal Phenotypes of DHR78 Mutants
The dorsal tracheal trunks were dissected from mid-third instar larvae and mounted in glycerol. (A) and (C) are surface views of dorsal tracheal
trunks from wild-type and Df(3L)10-2/Df(3L)79-2 mutant larvae, respectively. The taenidial folds can be seen in these panels as parallel closely
spaced ridges that run circumferentially along the internal surface of the tracheal cuticle. The regular arrangement of these folds leads to a
uniform reflection of light (A and B) while the disorganized taenidia in DHR78 mutant tracheae can be seen as an uneven reflection (C). (B)
and (D) depict a focal plane midway through the trachea, showing the lumen of the dorsal tracheal trunk from wild-type and DHR783/Df(3L)79-2
mutant larvae, respectively. First and second instar tracheal cuticles (arrows) are nested within one another inside the third instar trachea in
(D). Necrosis is also evident in this panel. The same range of tracheal phenotypes was observed with all combinations of DHR78 alleles.
the hsp70-DHR78 transgene, showed no detectable binding sites could be detected in polytene chromo-
phenotypes (Figures 4A and 4B, and data not shown), somes prepared from Df(3L)10-2/Df(3L)79-2 larvae (Fig-
indicating that DHR78 activity is regulated posttransla- ure 6A), multiple stained sites could be detected in poly-
tionally. tene chromosomes prepared from wild-type mid-third
instar larvae (Figure 6B).
DHR78 Protein Is Widely Expressed DHR78 protein can bind to a subset of 20E receptor
Antibodies raised against the N-terminal region of DHR78 binding sites in vitro, suggesting that DHR78 might func-
were used to stain organs dissected from staged third tion at the top of the ecdysteroid regulatory hierarchies
instar larvae and prepupae.At all stages examined, DHR78 (Fisk and Thummel, 1995; Zelhof et al., 1995b). In order
protein was detected in the nucleus of expressing cells.
DHR78 could be detected in tracheae dissected from
the earliest time points examined, in early third instar
larvae (Figure 5B), and was expressed at higher levels
in late third instar larvae and prepupae (Figures 5C and
5D). In contrast, no DHR78 protein could be detected
in salivary glands dissected from early third instar larvae
(Figure 5F). DHR78 expression increased in salivary
glands dissected from late third instar larvae and prepu-
pae (Figures 5G and 5H), in parallel with the high titer
pulse of 20E that triggers puparium formation. No ex-
pression could be detected in tracheae and salivary
glands dissected from animals deficient for DHR78, indi-
cating that the antibody is specific for DHR78 protein
(Figures 5A and 5E). DHR78 protein was also detected
Figure 4. Rescue of DHR78 Mutants by Ectopic Expressionin garland cells, the peripodial membrane of imaginal
A P element construct (P[hsDHR78-9]) was used to express DHR78discs, sections of the gut, and Malpighian tubules in
under control of the hsp70 promoter in different genetic back-wild-type prepupae (data not shown). Although no nu-
grounds, as described in the Experimental Procedures. Two vials
clear staining was detected in the central nervous sys- were set up from each cross, one of which was subjected to a daily
tem or the ring gland, it should be noted that the levels 30 min heat treatment (black bar) while the other was maintained
of DHR78 expression are low, and thus, expression in at 258C (shaded bar). The number of Tb1 pupae (experimental) was
divided by the number of Tb pupae (internal control) to obtain thethese and other tissues may be below the detection
percent value shown in the y axis. The experimental genotypes arethreshold.
abbreviated at the bottom as follows: (A) Df/1 5 Df(3L)79-2/1,
(B) hs; Df/1 5 P[hsDHR78-9];Df(3L)79-2/1, (C) hs; Df/Df 5DHR78 Protein Binds to Many Ecdysteroid-Inducible
P[hsDHR78-9];Df(3L)79-2/Df(3L)10-2, (D) hs; 1/Df 5 P[hsDHR78-9];
Puffs in the Salivary Gland Polytene Chromosomes DHR781/Df(3L)79-2, (E) hs; 2/Df 5 P[hsDHR78-9]; DHR782/Df(3L)
The expression of DHR78 in larval salivary glands al- 79-2, and (F) hs; 3/Df 5 P[hsDHR78-9]; DHR783/Df(3L)79-2. Each
lowed us to identify potential regulatory targets by anti- bar represents an average of three experiments and the error bars
represent standard deviations.body staining of polytene chromosomes. Whereas no
Functions of the DHR78 Nuclear Receptor
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Figure 5. Expression Patterns of DHR78 Protein in Tracheae and Salivary Glands
Organs were dissected from Df(3L)10-2/Df(3L)79-2 (Df/Df) late third instar larvae (A and E) or wild-type (1/1) animals at the following stages:
early third instar (B and F), late third instar (C and G), or newly formed white prepupa (D and H). Tracheae (A±D) or salivary glands (E±H) were
fixed and stained to detect DHR78 protein as described in the Experimental Procedures. The specificity of the antibodies was demonstrated
by the absence of nuclear staining in Df/Df late third instar larvae (compare A and E with C and G). Salivary glands from DHR78 mutant larvae
(E) are not swollen with glue and hence are smaller than glands from wild-type larvae (G).
to determine if DHR78 exhibits a similar binding specific- procedures based on gut content and wandering behav-
ity in vivo, we stained polytene chromosomes with anti- ior proved unreliable. To circumvent this problem, RNA
bodies directed against either DHR78 or USP. The stain- was isolated from single animals at different times fol-
ing pattern of USP is identical to that of EcR, and thus lowing the second-to-third instar larval molt and ana-
indicative of sites bound by the 20E receptor (Talbot, lyzed by Northern blot hybridization (Figure 7).
1993; Yao et al., 1993). As shown in Figure 6C, some All genes examined are expressed normally in 1/Df
sites are bound primarily by the 20E receptor (red) or control animals, in patterns that closely parallel those
DHR78 (green), while the majority of sites are bound by seen in wild-type third instar larvae (Andres et al., 1993;
both proteins (yellow), consistent with an overlap in their Figure 7). The expression of usp is not affected in DHR78
binding specificity. mutants, consistent with its relatively modest transcrip-
In order to map the sites bound by DHR78, salivary tional regulation by ecdysteroids (Andres et al., 1993;
glands were dissected from newly formed white prepu- Henrich et al., 1994). In contrast, all other ecdysteroid-
pae, when DHR78 protein is most abundant (Figure 5H), regulated transcriptional responses examined are dis-
and polytene chromosome preparations were stained rupted in DHR78 mutants (Figure 7). The coordinate in-
with anti-DHR78 antibodies. Over 100 DHR78 binding duction of EcR, E74B, and the BR-C in mid-third instar
sites were identified, many of which correspond toecdy- larvae is significantly reduced, and E74A is not ex-
steroid regulated puff loci (Table 3). pressed. Fbp-1, which is induced directly by 20E in fat
bodies (Nakanishi and Garen, 1983), is not expressedDHR78 Mutations Block Ecdysteroid-Regulated
either in these mutants. Finally, mid-third instar larvalGene Expression in Mid-Third Instar Larvae
development is characterized by an ecdysteroid-trig-The binding of DHR78 protein to ecdysteroid-regulated
gered switch in salivary gland gene expression, frompuff loci combined with the failure of DHR78 mutants
the ng genes to the Sgs glue genes (Mougneau et al.,to pupariate in response to the late larval pulse of 20E
1993; D'Avino et al., 1995). This switch fails to occur insuggested that DHR78 may play a critical role in the
DHR78 mutantsÐng-1 is not repressed and Sgs-4 isecdysteroid regulatory hierarchies that direct the onset
not induced. Interestingly, one DHR78 mutant animalof metamorphosis. As a step toward determining the
isolated 44 hr after the molt displayed a pattern of ecdy-role of DHR78 in ecdysteroid signaling, we examined
steroid-regulated gene expression that resembled thethe temporal expression of representative ecdysteroid-
pattern seen about 24 hr after the molt in control animalsregulated genes during third instar larval development
(Figure 7). This animal may represent one of the es-in control larvae and two different transheterozygous
capers that would have survived through puparium for-combinations of DHR78 alleles. Since DHR78 mutants
display asynchronous development, standard staging mation.
Cell
548
Figure 6. Antibody Staining of Polytene Chromosomes
Polytene chromosomes were prepared from (A) wandering ªclear gutº Df(3L)10-2/Df(3L)79-2 third instar larvae (Df/Df) or (B) wild-type mid-
third instar larvae (1/1). Chromosome spreads were stained with affinity-purified anti-DHR78 antibodies, and images were collected by
confocal microscopy under identical conditions. Only chromosomes from wild-type larvae display specific antibody staining. (C) Salivary gland
polytene chromosomes from wild-type late third instar larvae were stained with both an anti-USP monoclonal antibody and anti-DHR78
antibodies. Images were collected separately and merged to show the double-staining pattern. USP staining is in red and DHR78 staining is
in green.
Discussion by the tracheal epithelium during the latter part of em-
bryogenesis (reviewed by Manning and Krasnow, 1993).
The tracheal cuticle is then replaced at each molt inDetailed endocrinological and physiological studies in
a variety of insect species have led to a classical model parallel with replacement of the external larval cuticle.
Prior to ecdysis, a molting fluid containing proteasesfor the regulation of the onset of metamorphosis. This
model invokes an interplay between juvenile hormone and chitinases is secreted by the tracheal epithelium to
partially degrade the existing cuticle. A new cuticle is(JH), which maintains the larval state, and pulses of
ecdysteroid, which trigger developmental transitions. then secreted, and the old cuticle is removed through
specialized spiracles during the molt (reviewed by NoirotCuriously, Drosophila larval development is unaffected
by experimental changes in JH titer, leaving it unclear and Noirot-ThimoteÁ e, 1982). After the molt, the fluid in
the tracheae is replaced with air in an active processhow the larval-to-prepupal transition is regulated in this
insect (Riddiford, 1993). The phenotypes of DHR78 mu- that is not well understood.
The abnormal tracheae in DHR78 mutants appear totations, presented here, position this orphan receptor
as a key regulator of this transition. Furthermore, DHR78 result from defects in tracheal patterning and cuticular
molting, since we observe fluid-filled tracheae, disrup-has several properties which suggest that it is regulated
by an unknown hormone. Below we discuss the signifi- tions in the patterning of taenidia, and incomplete molt-
ing of the tracheal cuticle (Figures 2 and 3). Expressioncance of the DHR78 mutant phenotypes and propose
that a hormone functions through DHR78 in mid-third of DHR78 protein in the tracheal epidermis throughout
the third larval instar, with an apparent increase in re-instar larvae to signal the onset of Drosophila metamor-
phosis. sponse to the high-titer late larval pulse of 20E, is consis-
tent with these phenotypes (Figure 5).Futhermore, these
defects are consistent with a disruption of ecdysteroidDHR78 Mutants Show Defects in Early
Ecdysteroid-Triggered Responses signaling in this tissue since, like molting of the external
larval cuticle, molting of the tracheal cuticle is regulatedAll three DHR78 mutations lead to identical mutant phe-
notypes when examined over a deficiency for the locus. by ecdysteroids (Ryerse and Locke, 1978). Further un-
derstanding of the hormonal regulation of tracheal molt-The earliest of these phenotypes is a defect in molting
of the tracheal cuticle during the first and second larval ing should help elucidate the processesthat areaffected
in DHR78 mutants.instars (Figure 3D). The first tracheal cuticle is secreted
Functions of the DHR78 Nuclear Receptor
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another mutation that leads to breaks in the main tra-Table 3. Polytene Chromosome Loci Stained with Anti-DHR78
Antibodies cheal trunks, has no reported effects on larval size or
viability (Slatis, 1959). Further studies will be requiredX 2L 2R 3L 3R
to determine how DHR78 affects larval size.
1C*w 21C*1 42A* 61C* 88D*
2B5*w 21D 42E 61E* 88F* DHR78 Functions as a Critical Regulator of2B13-17* 21F* 43E* 62E*1 89B*
the Onset of Drosophila Metamorphosis2F*1 22A* 44DE*1 62F*1 90BC*
Consistent with the developmental phenotypes ob-3C* 22C*1 45A1 63E* 93A
3D1 23E*1 46F* 64A* 93D* served in DHR78 mutant third instar larvae, these ani-
3E*1 25F1 47A* 66A 93E mals display stage-specific defects inecdysteroid-regu-
4F*1 26B* 48B*w 66B* 93F* lated gene expression (Figure 7). These effects on gene
5D 27C* 49DE*1 67F* 95C
expression lead to a model in which DHR78 functions6C 28A* 50A* 68C* 95F*
as a critical regulator of the onset of metamorphosis7A1 29F* 50CD* 70C* 96E*
(Figure 8).7B 30A* 51D*1 70F 97C
7D* 31F 52A* 71B* 98B* Two ecdysteroid-triggered regulatory hierarchies have
7E 32A 52C* 71E*1 98F* been defined during the third larval instar in Drosophila
8D* 32CD*1 55A 72D* 99B* (reviewed by Thummel, 1996; Figure 8). The first of these
9EF* 33B* 55E* 73B* 99C
regulatory hierarchies, in mid-third instar larvae, is char-10F* 33E*w 56A 74EF*1 100B
acterized by the coordinate induction of EcR, E74B, and11A 34A* 56D* 75B*
the BR-C in apparent synchrony with a low-titer pulse11B*1 57C1 75D*
12B 57E*1 76A* of ecdysteroids (Karim and Thummel, 1992; Andres et
12D 57F1 78C* al., 1993). Mutations in these regulatory genes lead to
12E* 58BC* defects in puparium formation, indicating that they play
13B 58DE*
a critical role in preparing the animal for the onset of13E*1 59A
metamorphosis about a day later (Belyaeva et al., 1980;14B* 59E
Kiss et al., 1988; Fletcher et al., 1995; Bender et al.,15C* 60B*1
16DE* 1997). One level at which this function is provided is
17A through EcR and the BR-C facilitating early gene induc-
18A tion in response to the high-titer late larval pulse of 20E
18D (Karim et al., 1993; Bender et al., 1997; Figure 8). In
Only sites that could be mapped in at least two independent prepa- addition, theBR-C and E74B mediate a switch in salivary
rations are listed. Most listed sites stain relatively strongly. Ecdy- gland secondary-response gene expression, repressing
sone-regulated puffs are marked (*) (Ashburner, 1972), as are the the ng genes and inducing the glue genes (von Kalm et
weakly (w) and intensely stained loci (1). The 42A, 42E, 43E, and
al., 1994; D'Avino et al., 1995; Fletcher and Thummel,44DE sites were only visible on one chromosome spread.
1995b; Figure 8). This switch in gene expression pre-
pares the salivary gland for its role at puparium forma-
tion, when the polypeptide glue is expelled and used to
Interestingly, other DHR78 mutant phenotypes are affix the animal to a solid surface (reviewed by Meyero-
also consistent with defects in ecdysteroid signaling witz et al., 1987). The mid-third instar hierarchy thus
during larval development. With the exception of the appears to represent the first steps that prepare the
early molting defect in the tracheae, DHR78 mutants animal for the onset of metamorphosis.
develop normally through the second larval instar (Table In late third instar larvae, the high-titer pulse of 20E
1). At the end of the second instar, DHR78 mutants activates a second regulatory hierarchy, characterized
distinguish themselves from their wild-type counter- by increased levels of BR-C transcription and induction
parts by a significant asynchrony in the ecdysteroid- of E74A and E75A (Figure 8). These regulators, in turn,
triggered molt to the third instar. Mutant third instar direct a second switch in salivary gland gene expres-
larvae also display asynchrony in two ecdysteroid-trig- sion, repressing the glue genes and inducing the late
gered behavioral changes, wandering and the cessation puff genes (Guay and Guild, 1991; Karim et al., 1993;
of feeding (Berreur et al., 1984; Dominick and Truman, Fletcher and Thummel, 1995a). In addition, several or-
1985; Sliter and Gilbert, 1992). Most mutant larvae fail phan members of the nuclear receptor superfamily are
to pupariate and survive for up to a week before dying induced at this time, including DHR3 and E75B (Figure
(Table 2). The few animals that do pupariate die shortly 8). These regulatory genes prepare the animal for the
thereafter. DHR78 mutant larvae injected with 20E still appropriate developmental response to the next pulse
fail to pupariate, while wild-type control larvae pupariate of ecdysteroids, in late prepupae (Lam et al., 1997; White
prematurely, indicating that this phenotype is not due et al., 1997).
to a decrease in the titer of 20E (data not shown). DHR78 mutants are blocked in their ability to trigger
The reduced size of DHR78 mutant third instar larvae the mid-third instar regulatory hierarchy. The induction
is, however, more difficult to interpret (Figure 2). One of EcR, E74B, and BR-C transcription is significantly
possibility is that this phenotype is a secondary conse- reduced in DHR78 mutant larvae (Figure 7). This defect
quence of inadequate oxygenation due to defects in cannot be attributed to a reduction in hormone titer
the tracheal system. However, we see no correlation since DHR78 mutant organs cultured with a high con-
between the severity of the tracheal phenotype and the centration of 20E show low levels of early gene transcrip-
tion, similar to the levels seen in vivo (data not shown).size of an animal or its lethal phase. Furthermore, Tbr,
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Figure 7. DHR78 Mutations Block Ecdysteroid-Regulated Gene Expression
Larvae were isolated within 30 min of the second-to-third instar larval molt and allowed to develop for 0, 24, 36, or 44 hr, as shown at the
top. RNA was extracted from two larvae at the 0 and 24 hr time points and three larvae at the 36 and 44 hr time points. Half of each RNA
sample was loaded per lane, fractionated by formaldehyde agarose gel electrophoresis, and transferred to a nylon membrane. The blots were
hybridized with probes prepared from the ecdysteroid-regulated genes listed on the right. Each blot has a control lane (C) that contains 2 mg
of total RNA isolated from a mixed population of wild-type mid- and late third instar larvae. Because different amounts of RNA were recovered
from each animal, autoradiogram exposures were adjusted so that the hybridization intensity of rp49 (shown at bottom), a uniformly expressed
gene, was approximately equal. The genotypes of the animals examined were: 1/Df(3L)79-2 (1/Df), Df(3L)10-2/Df(3L)79-2 (Df/Df), and DHR783/
Df(3L)79-2 (DHR783/Df). usp mRNA comigrates with rRNA and thus forms a diffuse band. The E74 probe detected both E74A (upper band)
and E74B (lower band) mRNAs. The BR-C probe was derived from common region sequences and thus detected all four size classes of
mRNA.
The Fbp-1 fat body-specific primary-response gene also in EcR-B1 mutants, but that the response to the high-
titer late larval ecdysteroid pulse is selectively blockedfails to be induced in DHR78 mutant third instar larvae,
and the switch in salivary gland secondary-response (Figure 8).Mutations in usp show a similar stage-specific
effect on ecdysteroid-regulated gene expression, wheregene expression, from ng genes to glue genes, fails to
occur (Figure 7). In addition, genes induced by the high- the mid-third instar regulatory hierarchy occurs normally
but the late third instar hierarchy is blocked (B. Hall andtiter late larval pulse of 20E, such as E74A, are not
expressed. These effects on gene expression position C. S. T., unpublished data; Figure 8). It remains possible
that EcR-A could perform a function in mid-third instarDHR78 at the top of the mid-third instar regulatory hier-
archy (Figure 8). The effects on salivary gland gene ex- larvae, although its level in the salivary gland is very low
(Talbot et al., 1993), and it would have to exert thispression are consistent with the expression of DHR78
protein in this tissue (Figure 5). Furthermore, DHR78 function independently of usp. Rather, our studies sug-
gest that DHR78 is the critical regulator that triggersprotein is bound to many ecdysteroid-regulated puffs
in the polytene chromosomes of mid-third instar larval the mid-third instar regulatory hierarchy, preparing the
animal for puparium formation in response to the high-salivary glands, indicating that it can directly regulate a
large number of target genes at this stage of develop- titer late larval pulse of 20E.
ment (Figure 6B). Indeed, the bound sites include genes
that are affected by the DHR78 mutations: 2B5 (the
BR-C), 3C (ng-1 and Sgs-4), 42A (EcR), and 74EF (E74)
(Table 3).
Interestingly, the available evidence indicates that
EcR and usp do not function in mid-third instar larvae,
when DHR78 plays its critical role in gene regulation.
Both EcR and USP proteins are expressed at very low
or undetectable levels in mid-third instar larvae (Talbot
et al., 1993; Henrich et al., 1994). Furthermore, recent
genetic studies have led to the surprising conclusion
that EcR-B1 and usp do not function at this stage of
Figure 8. A Model for DHR78 Functionduring the Onsetof Metamor-development. Studies of the puffing patterns of the poly-
phosis
tene chromosomes in EcR-B1 mutant third instar larvae
Two temporally distinct regulatory hierarchies are activated duringhave revealed that the 2B5 and glue gene puffs are
third instar larval development. Genetic studies indicate that DHR78
present, but the 74EF and 75B early puffs fail to form is required for activation of the mid-third instar regulatory hierarchy
(Imam, 1996; Bender et al., 1997). This observation sug- while EcR-B1 and usp are required to transduce the late larval pulse
of 20E. See text for more detail.gests that theBR-C and glue genes are inducednormally
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DHR78 Activity Appears to be Regulated The classic view of insect endocrinology, based on
detailed physiological studies, implicates JH as a criticalby a Hormone
Ectopic expression of DHR78 in wild-type animals has regulator of the onset of metamorphosis (Wigglesworth,
1976). In the presence of high JH titers during the larvalno effect on viability or development (Figure 4 and data
not shown). This observation sets DHR78 apart from instars, pulses of ecdysteroid trigger molting of the cuti-
cle. This response shifts, however, in the final larvalother Drosophila orphan nuclear receptors that function
as constitutive transcription factors. Ectopic expression instar when the JH titer drops to low levels, and ecdyste-
roid pulses signal the onset of metamorphosis. Thisof tailless (Steingrimsson et al., 1991), seven-up (Hiromi
et al., 1993; Zelhof et al., 1995a), bFTZ-F1 (Woodard et decrease in JH titer corresponds to the acquisition of
competence of a variety of tissues to undergo metamor-al., 1994), or DHR3 (G. Lam and C. S. T., unpublished
data), leads to specific lethal phenotypes. Rather, DHR78 phosis (Smith and Nijhout, 1982; Ohtaki et al., 1986).
In Manduca larval epidermal cells, a low-titer pulse ofmost closely resembles EcR and usp, in that ectopic
expression of either half of the 20E receptor has no ecdysteroids in the absence of JH signals pupalcommit-
ment, repressing the expression of endocuticle genesadverse effects on development, most likely because
their activity is controlled by a hormone (Oro et al., 1992; and reprogramming the genome to allow the later ex-
pression of pupal cuticle genes (Riddiford, 1978; Riddi-Bender et al., 1997). In this regard, it is interesting to
note that DHR78 is transcribed throughout development ford et al., 1986). Although JH titer is also high during
Drosophila larval development and drops to a low levelwith peaks of mRNA accumulation in response to ecdy-
steroid pulses (Fisk and Thummel, 1995; Zelhof et al., in the third instar, no function has yet been ascribed to
this hormone at these stages (Riddiford, 1993). Rather,1995b). This broad expression pattern contrasts with
that of other orphan receptor genes, which are only our analysis of DHR78 mutants raises the interesting
possibility that, at least in Diptera such as Drosophila,expressed for very brief temporal intervals during devel-
opment (Andres et al., 1993). the acquisition of competence to initiate metamorphosis
depends on the presence of a positive ªmetamorphosis-These observations indicate that DHR78 activity is
regulated posttranslationally. This regulation could be triggeringº hormone rather than theabsence of a juvenil-
izing hormone. The identification of the putative DHR78imposed at a variety of different levels, including cova-
lent modification (such as phosphorylation or glycosyla- ligand is clearly the next critical step in our understand-
ing of the function of this receptor.tion) or interaction with a cofactor (Chen et al., 1997;
Guichet et al., 1997). The simplest possibility, however,
is that DHR78 is regulated by an as yet unidentified
Experimental Procedures
hormone. Many ecdysteroids and other small lipophilic
molecules are present in Drosophila hemolymph, pro- Generation of DHR78 Mutants
viding a rich source of potential hormones (reviewed by Abbreviations of Drosophila stocks are according to Lindsley and
Zimm (1992). Several stocks reported to contain P element insertionsGilbert et al., 1996). Furthermore, several ecdysteroid
close to DHR78 were kindly provided by the Bloomington stockpeaks occur during the third larval instar, when DHR78
center (Spradling et al., 1995). P element insertion sites wereexerts its essential functions (Richards, 1981b; Berreur
mapped relative to DHR78 by in situ hybridization of polytene chro-
et al., 1984; Schwartz et al., 1984). Similar ecdysteroid mosomes using a DHR78 cDNA probe and a probe derived from
peaks have been described in other holometabolous the 59 P element end (Chen et al., 1992). One stock, w1118;
insects, including Calliphora erythrocephala (Koolman, P[w15lacW]Y553 ry506 (Y553) (Bier et al., 1989), contained an insert
that was cytologically indistinguishable from DHR78. This P element1980), Manduca sexta (Bollenbacher et al., 1975), and
was mapped by Southern blot hybridization to the 6.2 kb BamHIBombyx mori (Calvez et al., 1976), suggesting that these
restriction fragment that lies near the 39 end of DHR78 (P[w1] inpulses perform an important function during insect de-
Figure 1).
velopment. Berreur et al. (1984) used HPLC to analyze Deficiencies that remove the DHR78 locus were generated by
the ecdysteroid content of extracts prepared from staged imprecise excision of the Y553 P element and screening for lethality
third instar Drosophila larvae. Ecdysone, the precursor over Df(3L)XS1155, which extends from 78C8±9 to 79A1±2 and thus
deletes DHR78 (Karim et al., 1996). An F2 lethal screen was usedto 20E, was the predominant ecdysteroid in mid-third
to isolate point mutations in DHR78. Wild-type (Canton S) malesinstar larvae, along with a brief peak of an unidentified
were exposed to 25 mM EMS (Sigma) in a 1% sucrose solution forecdysteroid. As expected, 20E was the predominant
16 hr. After 2 hr of recovery, the mutagenized males were mated
ecdysteroid at the end of the third instar. These three to Ly/TM6C Tb virgin females. Male progeny (5584) of this cross
hormones accounted for .70% of the total ecdysteroids (1*/TM6C) were pair mated with Df(3L)79-2 Ly/TM6B Tb virgin fe-
and thus provide a starting point for identifying DHR78 males. From 5012 productive crosses, seven mutations were identi-
fied that failed to complement Df(3L)79-2. Of these, three failed toligands. Furthermore, a recent study has provided evi-
complement the overlapping small deficiency Df(3L)10-2 anddence that the high ecdysone titer during early Manduca
formed a single lethal complementation group corresponding tometamorphosis is required for proliferation of the optic
DHR78.lobe anlagen (Champlin and Truman, 1998). This is the
first evidence of a function for ecdysone, supporting
Molecular Mapping of Mutationsearlier proposals that this hormone may have biological
The DHR78 cDNA clone, pLF4 (Fisk and Thummel, 1995), was usedactivity (Karlson and Hoffmann, 1984). An effort is cur-
as a probe to isolate a cosmid clone from the ISO-1 genomic library
rently underway to identify a ligand for DHR78 (K. Baker, (kindly provided by J. Tamkun). Break points of the imprecise exci-
L. Gilbert, C. S. T., and D. Mangelsdorf, unpublished data). sion mutants were mapped by genomic Southern blot hybridization.
Preliminary studies using several test compounds, in- Although only one break point was mapped for Df(3L)10-2 and
Df(3L)79-2 (Figure 1), they are not cytologically visible in the salivarycluding 20E and JHIII, have been negative.
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gland polytene chromosomes and thus appear to be smaller than For detecting DHR78 protein in larval and prepupal organs, ani-
mals were staged on food containing bromophenol blue (Andresz100 kb.
EMS-induced lesions in DHR78 were mapped by DNA sequenc- and Thummel, 1994). Early third instar larvae were removed from
the food, and late third instar larvae were selected as ªclear gutºing. Three overlapping sets of primers (designed using the DHR78
cDNA) were used to PCR-amplify the DHR78 coding region from larvae. Animals were dissected and stained with affinity-purified
anti-DHR78 antibodyat a concentration of 1:200, as described (Boydgenomic DNA isolated from hemizygous mutants. These fragments
were inserted into pBluescript KS(-) (Stratagene), sequenced on an et al., 1991).
ABI373A, and analyzed for base changes by comparison to the
sequence obtained from the parental chromosome. Sequence Antibody Stains of Polytene Chromosomes
changes were confirmed by sequencing at least two independent Salivary gland polytene chromosomes isolated from white prepupae
PCR products on both strands using primers adjacent to the muta- were stained with anti-DHR78 antibodies essentially as described
tions. (Andrew and Scott, 1994). In brief, chromosomes were fixed in 3.7%
formaldehyde for 30 s, transferred to 3.7% formaldehyde with 50%
acetic acid for 2±3 min, and squashed on charged slides (VWR).Lethal Phase Analysis
After blocking for at least 1 hr, the slides were incubated with affinity-Lethal phase determination from embryogenesis through the sec-
purified anti-DHR78 antibody (1:50 dilution) for 1 hr. After severalond instar was carried out essentially as described (Fletcher et al.,
washes, the slides were incubated with biotin-SP-conjugated affini-1995). To monitor lethality from the second instar through pupal
pure goat anti-rabbit IgG (Jackson ImmunoResearch Labs) at adevelopment, stocks carrying the mutation over the TM6B Tb bal-
1:200 dilution for 1 hr. The slides were washed several times andancer chromosome were mated, then Tb1 progeny were selected
incubated with a 1:20 dilution of fluorescein avidin DCS (Vectorduring the second instar, counted, and transferred to vials. The
Labs, cell sorting grade) for 20min. The washed slides weremountednumber of prepupae was scored after 5 days at 258C.
in FluoroGuard (Bio-Rad). Transmitted light and fluorescent images
were collected independently on a Bio-Rad MRC 1024 confocalEctopic Expression of DHR78
laser-scanning microscope and layered to determine binding sites.pCaSpeR-hs (Thummel and Pirrotta, 1992) was cut with HpaI and
Antibody stains to detect USP protein were performed in a similarNotI. The DHR78 fragment ligated to this vector contained the se-
manner, using undiluted tissue culture supernatant (AB11, kindlyquence 59-CCTGCTGTGGCGACA-39 upstream from the translation
provided by F.Kafatos) and a 1:250 dilution of Texas red±conjugatedinitiation codon and approximately 30 bp of sequence from the
goat anti-mouse secondary antibody (Jackson ImmunoResearchpGEX-5X-1 vector (Promega) downstream from the DHR78 stop
Labs).codon. Ten independent transformant lines were established,
and one carrying a second chromosome insertion, designated
Northern Blot AnalysisP[hsDHR78-9], was selected for further analysis.
Animals were staged by placing late second instar larvae on molas-To test the ability of ectopically expressed DHR78 protein to res-
ses/agar plates supplemented with yeast paste. The plates werecue mutant phenotypes (Figure 4), crosses were set up between
maintained at 258C and examined every 30 min for larvae that hadvirgin females of the genotype w1118; P[hsDHR78-9];Df(3L)79-2/
anterior spiracles indicative of the third instar. These newly moltedTM6B Tb and DHR78X/TM6B Tb males (where ªxº represents a
animals were maintained at 258C for 0, 24, 36, or 44 hr and thenDHR78 point mutation). Because repeated exposure to high temper-
frozen in a dry ice/ethanol bath. Total RNA was extracted fromature causes lethality, we designed these experiments with an inter-
single animals as described (Karim and Thummel, 1991), except allnal control. Of the progeny not homozygous for the balancer chro-
volumes were cut in half. The RNA sample from each animal wasmosome, 1 of 3 carry no balancer chromosome and represent the
divided into two equal samples, fractionated on formaldehyde aga-ªexperimentalº genotype, while 2 of 3 carry the TM6B Tb balancer
rose gels, transferred to nylon filters, and cross-linked by UV irradia-chromosome and represent an internal control.
tion (Karim and Thummel, 1991). Probe preparation, blot hybridiza-Embryos were collected for 8 hr in vials from the crosses de-
tion, and stripping were performed as described (Andres et al.,scribed above. The vials were placed in a 378C water bath for 30
1993).min each day and then returned to a 258C incubator. The Tb and
Tb1 pupalcases werecounted 10 days after egg lay, and the number
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